Abstract: Biological applications where nanoparticles are used in a cell environment with laser irradiation are rapidly emerging. Investigation of the localized heating effect due to the laser irradiation on the particle is required to preclude unintended thermal effects. While bulk temperature rise can be determined using macroscale measurement methods, observation of the actual temperature within the nanoscale domain around the particle is difficult and here we propose a method to measure the local temperature around a single gold nanoparticle in liquid, using white light scattering spectroscopy. Using 40-nm-diameter gold nanoparticles coated with thermo-responsive polymer, we monitored the localized heating effect through the plasmon peak shift. The shift occurs due to the temperaturedependent refractive index change in surrounding polymer medium. The results indicate that the particle experiences a temperature rise of around 10 degrees Celsius when irradiated with tightly focused irradiation of ~1 mW at 532 nm.
Introduction
Metal nanoparticles exposed to incident laser irradiation at wavelengths close to the surface plasmon resonance efficiently couple the optical energy and generate heat. The heat induced by the laser-irradiated metal nanoparticles is considered to be localized near the nanoparticles, and due to their small scale, becomes difficult to measure. The heating of nanoparticles in liquid environments where the nanoparticle temperature may rise significantly and then pass on the heat to molecules in the immediate vicinity is of particular interest since gold nanoparticles are entering wide use in biomedical fields. Emerging applications build on the biocompatible, or relatively nontoxic, nature of the particle, combined with some unique optical physics which allows plasmonic photothermal therapy, photoacoustic tomography, photothermal imaging, and surface enhanced Raman spectroscopy [1] [2] [3] [4] [5] [6] [7] . For the successful application of gold nanoparticles, the investigation of the localized heating effects must be carried out in order to firstly understand the influence on the biological samples, and subsequently preclude unwanted thermal effects. The difficulty of such local temperature measurement lies in the fact that a thermal contrast mechanism as well as a spatial resolution of several nanometers is necessary to selectively observe the near-field heating of the nanoparticle. Several techniques for nanoscale thermometry have been reported, such as nanolithographic, nanomaterial-based, fluorescent materials, and nanoscale superstructure thermometry method [8] [9] [10] [11] [12] . In these methods, temperature probes such as a silicon tip, carbon nanotubes, terbium doped silica glass and CdTe nanoparticles were used. The thermal effect of the probe itself, either as a light absorber, or heat sink/source may be comparable to that of single nanoparticles. As a result, those techniques need careful evaluation before being applied to the measurement of single gold nanoparticles. Nevertheless, several works have been reported on nanoscale thermometry for gold nanoparticles. In 2006, gold nanoparticles embedded in an ice matrix were observed by Raman spectroscopy [13] . The sample was irradiated with laser and heat generation was inferred from the melting of the ice matrix. In 2008, the temperature elevation of gold nanoparticles was monitored using photoacoustic signals during photothermal therapy [14] . Both measurements were successful with relatively low spatial resolution. We aim to improve the measurement spatial resolution to the surface temperature of gold nanoparticles and measure in a range approximately ~40 degrees, which is critical to many biomaterials such as proteins [15] .
We have investigated the local temperature of a laser irradiated single nanoparticle by white light scattering spectroscopy. White light scattering spectroscopy is a powerful method to measure the dielectric constant of the nanomaterial [16] . In our method, the temperature can then be estimated through the surface plasmon peak shift due to the refractive index change of the surrounding medium. Although it is possible to observe a temperaturedependent spectral peak shift in uncoated nanoparticles at temperatures of 100 degrees or higher, the range of temperature measurement of interest in our experiment (approximately room temperature) does not allow the observation of a peak shift with uncoated particles. Gold nanoparticles were therefore coated by thermo-responsive polymer, poly(Nisopropylacrylamide) (pNIPAM) so that the surrounding medium was sensitive to nanoparticle temperature. The heating effect was monitored by measuring the peak scattering wavelength derived from the surface plasmon of gold nanoparticles, which varied with the refractive index of the surrounding polymer. The scattering occurs predominantly from the gold-polymer interface, allowing a measurement of the gold nanoparticle temperature, and the gold nanoparticle temperature is assumed to be homogenous in the nanoparticle due to thermal conductivity. For nanoscale temperature measurement, pNIPAM-coated gold nanoparticles were fixed on a glass cover slip, immersed in water, and illuminated by continuous laser. The sensitivity of the measurement results from the scattering spectra sensitivity to the refractive index change at the boundary of the metal surface and coated polymer. The measurement spatial resolution is then predominantly limited by the size of the nanoparticle itself, which in these experiments was 40 nm. Temperatures were calibrated by then using a temperature controlled cell to heat a bulk sample of nanoparticles and measuring the temperature dependent peak shift by UV-VIS absorption spectroscopy. The heating effect of single gold nanoparticles under different laser powers and wavelengths are measured and discussed.
Calculated scattering property and heat generation of a gold nanoparticle
White light scattering spectroscopy for local temperature measurement is based on the plasmonic property of metal nanoparticles, and the scattering efficiency of gold nanoparticles was calculated on the basis of Mie theory [17] . Scattering, extinction, and absorption efficiency, Q sca , Q ext , Q abs , are described as by the following series:
,
where x is a size parameter described as 2/ Na   , and  a n and  b n are variables determined by the size of the particle Calculations were performed for different nanoparticle sizes including diameters of 40, 50, 60, and 70 nm. To first evaluate the nanoparticle size dependent scattering spectra, the surrounding media was set to water, with a refractive index of 1.33 + 0i. Figure 1(a) shows calculated absorption spectra for a gold nanoparticle with the diameter of 40 nm and with the surrounding refractive index of 1.33. In Fig. 1(a) , blue dotted lines indicate illumination wavelengths, 488 and 532 nm. Figure 1(b) shows the calculated scattering spectra of different sized gold nanoparticles. The maximum value is then taken to be the scattering peak wavelength. As shown in Fig. 1(b) , the peak wavelength changes from 533 nm to 546 nm as the particle size increases.
In the case of a pNIPAM-coated gold nanoparticle, the real part of the surrounding refractive index varies from 1.33 to 1.42 [19] , whereas the imaginary part is always 0. The scattering spectra calculated for a gold nanoparticle surrounded with different refractive indices are shown in Fig. 1(c) . A shift of around 8 nm was observed in Fig. 1(c) . It has been reported that the refractive index of pNIPAM depends on the temperature, therefore, we expected that by monitoring the scattering peak shift, we can measure the local temperature of the particle [19] . 
Coating gold nanoparticles with poly(N-isopropylacrylamide)
pNIPAM-coated gold nanoparticles were synthesized by the procedure shown in Ref. 20. pNIPAM-coated gold nanoparticles were fixed on an aminosilane-modified glass cover slip by drop coating. Figure 2 (a) and 2(b) show scanning electron microscope (SEM) images of a pNIPAM-coated gold nanoparticle and an uncoated gold nanoparticle on a silicon substrate. The pNIPAM coating appeared with lower contrast around the solid gold core. Judging from the images, the typical size for the gold core was ~40 nm and the pNIPAM layer thickness was approximately 20 nm. 
Optical setup for white light scattering spectroscopy
The optical setup for measuring nanoparticle scattering spectra and irradiating gold nanoparticles by laser is shown in Fig. 3 . The white light source for scattering spectra was a xenon lamp and was spatially filtered through a 50 μm pinhole. The light was collimated and introduced to an objective lens (100x, oil immersion) of 1.35 NA. Dark field illumination was realized by inserting a mask and an iris in the incident path (to block NA<1) and detection path (to block NA>1). The scattering signal was collected by the same objective lens, introduced to a spectrometer and detected by a Peltier cooled CCD camera. According to the Rayleigh scattering image on the entrance slit of the spectrometer, we selected the area of signal to extract only the scattering from a single pNIPAM-coated gold nanoparticle.
The heating laser was provided by CW diode lasers of 488 nm and 532 nm wavelength. The incident power was adjusted by an electrically controlled variable ND filter. The incident laser was expanded by 5 times and overlapped with the white light source. The Rayleigh scattering of laser irradiation was cut by an edge filter before entering the spectrometer. The white light scattering measurement of a laser-irradiated gold nanoparticles was performed with 60 sec acquisition times under continuous laser irradiation. Laser power was measured at the sample focus. 
Local temperature measurement of a laser-irradiated gold nanoparticle
For precise calibration of scattering peak shift to temperature increase, it is optimal to measure the calibration curve for each nanoparticle by observing how the scattering spectral peak shifts with temperature by measuring a single nanoparticle spectra while heating the entire sample holder on the microscope, however, it was not possible due to thermal drift. Instead, the bulk temperature of a water-based solution of pNIPAM-coated gold nanoparticles was measured by UV-VIS absorption spectrometer in a temperature-controlled cell to evaluate relationship between the temperature and the surface plasmon peak wavelength. The measurement was performed when the temperature-controlled cell had reached thermal equilibrium conditions. Figure 4 shows the scattering peak shift response of pNIPAM-coated gold nanoparticles to the bulk temperature. Peak wavelengths were obtained by Gaussian curve fitting of raw data. pNIPAM has a phase transition at ~35 degrees c and therefore the refractive index change is most sensitive to changes near this temperature [19] . Furthermore, it has been reported that the surface plasmon resonant peak wavelength is expected to undergo red shift with increasing temperature [20] . As Fig. 4 shows, the extinction peak predominantly shifts from 538 nm to 552 nm as the temperature rises from 10 to 40 degrees c. This result is consistent with previous works and showing that pNIPAM-coated gold nanoparticles which we prepared can be used for monitoring the localized heating effect, with particular emphasis on the temperature range which is relevant to biological cells. Cell lipid bilayer stability is known to change significantly in this temperature range with a rise of only several degrees [21]. Following calibration, the local heating effect could then be measured for single gold nanoparticles under laser irradiation. pNIPAM-coated gold nanoparticles were fixed on a glass cover slip and immersed in water. A single pNIPAM-coated gold nanoparticle was irradiated with different laser powers, and scattering spectra were measured under each irradiating power. Figure 5(a) shows the spectra of a single pNIPAM-coated gold nanoparticle under 532 nm laser excitation, and Fig. 5(b) shows the relationship between the scattering peak wavelength and the laser power. In Fig. 5(a) , the lowest spectrum shows an approximately Gaussian scattering curve. Since the peaks are close to the 532 nm excitation laser wavelength, spectra were generally taken with an edge filter which cut out a portion of the scattering spectra but left the peak intact, as shown in Fig. 5(a) .
When the peak shifts are plotted against laser power in Fig. 5(b) , the peak wavelength is observed to shift to progressively longer wavelengths as the laser power increased. Prior to laser irradiation, the scattering spectrum had a peak wavelength at 542 nm. This peak wavelength was longer than that in the calculated spectrum of 40 nm gold particles. Due to the measurement of single nanoparticles, a range of different initial scattering peak wavelengths were observed. Some differences are likely to be due to minor variations in coating thickness and the glass substrate on which the particle rests [22] . When the laser irradiation started, the peak wavelength is seen shift to longer wavelengths, and by 1.2 mW, the peak reached 549 nm. Consequently, approximately 7 nm in total peak shift was observed. According to Fig. 4 , a 7 nm peak shifts corresponds to a temperature increase of 10 degrees c. In this case, a single gold nanoparticle at room temperature (22 degrees c) was heated to 33 degrees c by a laser irradiation power of 1.2 mW. Such a small temperature increase at ~40 degrees c in the nanoscale region around the particle is very difficult to detect by conventional methods. We also note that the peak shift was caused by laser power rather than exposure time, since the nanoparticle can reach steady-state heating in a time scale of only nanoseconds [23] . The measurement time (60 seconds) was much longer than the thermal equilibrium time due to the requirement of collecting enough scattering signal to measure a single nanoparticle spectra. We observed several types of heating effect with 532 nm irradiation. In Fig. 6(a) , 5 curves from different gold nanoparticles were shown. Each curve had different starting wavelengths since there are different distances between the gold nanoparticles and the glass substrate, differences in coated layer thickness, or in particle size. The data shown in Fig. 6(a) reveal that the heating effects appear to be different for each single particle. This makes it difficult to accurately predict the thermal heating of nanoparticles by laser, though most of the spectra show a shift to longer wavelengths with increasing laser power. It seems likely that the local heat generated and dissipated by a single nanoparticle is sensitive to its size, shape and local environment. This kind of variability is hidden by a collective measurement of bulk temperature in nanoparticle samples, and shows the limitations on the ability to measure a particular temperature rise for a particular nanoparticle in, for example, a live cell under laser irradiation.
Even with the expected variability between particles which is highlighted by this measurement method, we still can predict tendencies of the laser heating effect. Figure 6(b) shows the scattering peak wavelength shift with increasing laser power under 488 nm laser irradiation. Compared to the 532 nm laser case, the 488 nm laser appears much less effective to heat a single gold nanoparticle. Most of the data exhibit almost no increase, though small fluctuations within ~2 nm are observable on close inspection. This suggests that ~3 mW was not strong enough to heat a single gold nanoparticle by 488 nm laser and plasmon absorptionbased heating strongly depends on laser wavelength, as expected from Fig. 1(a) . In the case of 532 nm irradiation, 4 out of 5 particles show a 10 degree C increment from the original temperature by a ~1 mW illumination intensity..
We discuss the effect of the surrounding environment and application of our data. Absorption of pNIPAM is much lower than that of gold nanoparticles in the visible range [24] . As a result, absorption of light by gold nanoparticles is dominant in our experiment.
When absorption of surrounding material is very low compared to gold in other experiments, our results can be similarly applied. On the other hand, in experiments where the surrounding materials absorb light, especially near 540 nm, the relative absorption by gold nanoparticles will be reduced and the assumption of nanoparticle-dominated absorption will break down so that it becomes difficult to apply our results to these experiments. Furthermore, when the thermal conductivity and refractive index of the surrounding materials are similar to that of pNIPAM for example, proteins and other biological molecules, our results can directly be applied. If, however, the conductivity and refractive index are significantly different from pNIPAM, further calibration will be required before estimating the temperature effects.
Absorption of pNIPAM and water is small compared to plasmonic absorption of gold nanoparticles, hence, the temperature rise is mainly related to the absorption of gold. pNIPAM-coated gold nanoparticles are on a glass substrate and the distance between individual particles and the substrate is different due to variations in the polymer thickness. Heat diffusion from the gold nanoparticles therefore varies between individual single gold nanoparticles. As a result, the equilibrium temperature is expected to vary and introduce some error in the measurements. 
Implications for laser-irradiation of gold nanoparticles in cellular environments
It is worth summarizing what these experiments predict for the use of nanoparticles as tags or contrast agents in live cells with laser irradiation. There are a wide range of nanoparticle types, sizes, and laser excitation conditions in current use. The laser wavelengths used with nanoparticles are often longer than 532 nm, and this method will allow experimental determination of upper power limits involving laser irradiation and nanoparticles. While we have used 532 nm for the experimental measurements in this paper, 532 nm is near the peak absorption of 50 nm nanoparticles, which is the most common size for surface-enhanced Raman measurements. For this reason, the 532 nm results are of value to experiments using other laser wavelengths in that they should indicate an upper limit on the thermal effect. Other wavelengths in the visible or near infrared range should result in lower heating of the particle. The measurement method used here is also most sensitive to temperature changes around 35 degrees Celsius. While this is limiting in terms of wide temperature range measurements, it is ideal for experiments using cultured cells with laser heating of nanoparticles since the cell temperature is usually maintained at 37 degrees.
As evident in Fig. 5(b) and Fig. 6 , the application of even low power ~0.01 mW resulted in a change in the scattering peak wavelength. By using the bulk temperature calibration data, we can estimate that the temperature can rise by several degrees around the nanoparticle. It is important to note that this measurement method results in very localized measurement of the temperature, on a scale of several tens of nanometers. Cells can survive brief exposure to localized plasma formation or complete ablation of sub-micron sized areas in the cytosol [25] , and the nanoscale localized temperature increase is unlikely to manifest as an observable effect in the irradiated cell. Nevertheless it is necessary to understand if significant heating is occurring near the nanoparticle since this may affect protein folding, molecular binding, pH, or a number of other factors which may be of interest in the measurement.
Conclusion
In this work, we have successfully observed the behavior of nanoscale localized heating of a laser irradiated single gold nanoparticle by white light scattering spectroscopy. The temperature increment of approximately 10 degrees c was observed by irradiating a gold nanoparticle by 532 nm laser at ~1 mW. On the other hand, single gold nanopaticles irradiated by 488 nm did not display a measurable temperature rise, which is consistent with the notion that the heating is dominated by absorption of the incoming light at the surface plasmon resonance wavelength. Even laser irradiation of 0.01 mW or less appeared to produce a temperature dependent shift in the scattering spectra peak wavelength. This has implications for the use of nanoparticles in cellular environments and shows that the heating effect of laser light on nanoparticles may not be negligible, and should be further studied, particularly at wavelengths longer than 532 nm. It was also found that the local heating effects for each nanoparticle were not uniform and fluctuations were observed in both on-resonant and offresonant cases. This indicates that the localized heating itself may be unstable and susceptible to the immediate environment. The effects of nanoscale heat conduction and convection flows over the particle may be responsible for some of the observed instability. Such high sensitivity temperature measurement for a nanoparticle at room temperature range together with nanometer spatial resolution has not previously been achieved. The method will be useful to estimate the local temperature effects of laser irradiated nanoparticles in a variety of materials including particles in an inorganic matrix and endocytosed or injected nanoparticles in living cells.
